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Chapter 3 Radioactivity

In radioactive processes, particlesetectromagnetic radiation are emittiedm the
nucleus. The most common forms of radiationtiemihave been traditionaltfassified as
alpha ¢), beta ), andgamma Y) radiation. Nuclear radiationccurs in otherforms,
including the emission of protons or neutrons or spontaneous fission of a massive nucleus.

Of the nuclei found on Earth, the vast majority are stable. This is so because almost
all short-lived radioactivauclei have decayeduring the history of the Earth. There are
approximately270 stableisotopes and S@aturally occurringradioisotopes(radioactive
isotopes). Thousands of other radioisotopes have been made in the laboratory.
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Fig. 3-1. The lower end of the Chart of the Nuclides

Radioactive decay will change one nucleus to anotheroduct nucleus has a
greater nuclear binding energy than thigal decayingnucleus.The difference in binding
energy (comparing the before and afteresptdetermines which decagge energetically
possible and whiclarenot. The excess binding energy appearskasetic energy or rest
mass energy of the decay products.
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Chapter 3—Radioactivity

The Chart of the Nuclides, part of which is shown in Fig. 3-1, is a plotdéi as
a function of protomumber,Z, and neutromumber,N. All stable nuclei andknown
radioactivenuclei, bothnaturally occurring and manmad®e shown onthis chart,along
with their decaypropertiesNuclei with an excess gfrotons or neutrons in comparison
with the stable nuclei will decay toward the stable nuclei by chamywignsinto neutrons
or neutronsinto protons, orelse byshedding neutrons or protomsther singly or in
combination. Nuclei are also unstable if they are excited|s, not in theirlowest energy
states. In thicase thenucleuscan decay by getting rid of itexcess energy without
changingZ or N by emitting a gamma ray.

Nuclear decayrocesses must satisfgveral conservatiolaws, meaning that the
value of the conserved quantity after thexay,taking into accounall the decayproducts,
must equalthe same quantity evaluatédr the nucleus beforghe decay. Conserved
guantities include total energy (includingass), electric charge, linear and angular
momentum, number afucleons,and lepton number(sum ofthe number ofelectrons,
neutrinos, positrons and antineutrinos—with antiparticles counting as -1).

Clonnts in 30 3

[} L] [} L ] [} [} [} [} L] [} L ] [} [} [}

M [ ] — [ | [mp (am} - L} L =T ] [t | — [}

— [t | 2 M =T (T} o r- o0 [m 4] [} —_— [t |
Time (=)

Fig. 3-2."*""Ba decay data, counting numbers of decays observed in 30-second intervals. The best-fit
exponential curve is shown.

The probability that a particularucleus will undergaadioactive decayluring a
fixed length oftime does not depend athe age of thewucleus or how it was created.
Although the exactifetime of one particular nucleus cannot peedicted,the mean (or
averagelifetime of a sample containing many nuclei of the s@&@o®pecan be predicted
and measured. Aonvenientway of determininghe lifetime of anisotope is to measure

3-2
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how long it takes for one-half of the nuclei in a sample to decay—this quantijled the
half-life, t,,,. Of the original nuclei thadid not decayhalf will decay if we wait another
half-life, leaving one-quarter of the original sample after a total time of two half-hes.
threehalf-lives, one-eighth othe original sample will remain and gm. Measured half-
lives vary from tiny fractions of seconds to billions of years, depending on the isotope.

The number of nuclei in a sampieat will decay in a given interval of time is
proportional to the number of nuclei in teample. Thiscondition leads to radioactive
decay showing itself as an exponential process, as showg.i8-2. The number,N, of
the original nuclei remaining after a tirhom an original sample &, nuclei is

N = Noe-(t/T)
whereT is the nean lifetime of thgarent nucleiFrom this relation, itan beshownthat
t,, = 0.693T.

Alpha Decay

Fig. 3-3. An alpha-particle decay

In alphadecay, shown in Fig. 3-3he nucleus emits 4He nucleus, aralpha
particle. Alpha decayoccurs most often in massiveiclei that haveéoo large aproton to
neutron ratio. Aralpha particle, with itéwo protons and twaneutrons, is a vergtable
configuration of particles. idha radiatiorreduceghe ratio ofprotons to neutrons in the
parent nucleus, bringing it to a more stable configuratemy nuclei moranassivethan
lead decay by this method.

Considerthe example of*°Po decaying by themission of an alpha particle. The
reaction can be writteft%Po _ ?%%Pb +“He. This polonium nucleusas 84 protons and
126 neutrons. The ratio of protons to neutror@é= 84/126, or 0.667. A°%Pb nucleus
has 82 protons and 12#eutrons, which gives mtio of 82/124, or 0.661.This small
change in the Z/N ratio is enough to put the nucleus into a staibkestate, and ashown
in Fig. 3-4, bringghe “daughter’nucleus (decay product) intbe region of stablauclei
in the Chart of the Nuclides.

In alphadecay,the atomic nurber changes, st¢he original(or parent) atoms and

the decay-produdir daughteratoms are different elements and therefore have different
chemical properties.
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Fig. 3-4. Upper end of the chart of the nuclides

In the alpha decay of a nucleus, the change in binding energy app#askaetic
energy of the alpha particle and the daughterieus. Bcause this energy must be shared
between these two particles, and because the alpha particle and daughter nuclbasemust
equal and opposite momenta, the emitted alpha particle and recoiling nucleus will each have
a well-defined energy after thdecay. Bcause of its smallenass,most of the kinetic
energy goes to the alpha particle.

Beta Decay

Fig. 3-5. Beta decays. a) Beta-minus decay. b) Beta-plus decay.

Beta particlesare electrons gpositrors (electrons with positivelectriccharge, or
antielectron¥ Beta decayccurs when, in aucleus with too manprotons or toanany
neutrons,one of theprotons or neutrons is transformigdo the other. In beta minus
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decay, as shown in Fig. 3-5a,nautron decays into proton, an electron, and an
antineutrino: n- p + € +v . In beta plus decay, shown in Fig. 3-5b, a proton deo&ys

a neutron, a positrornd a neutrino: p- n + € +v. Both reactions occur because in
different regions of the periodic table, onetloe other will move th@roduct closer to the
region of stability. Thesgarticular reactions take plad®cause conservatidaws are
obeyed. Electric charge conservation requires that if an electrically neutral neutron becomes
a positively charged proton, an electrically negative particle (inctge, arelectron) must

also be produced. Similarlgonservation of lepton number requirgmt if a neutron
(lepton number = 0) decays into a proton (lepton number = 0) amdeemon (lepton
number = 1), a particle with a lepton number of -1 (in this case an antineutrino) must also
be producedThe leptonsemitted in beta decagtid not exist in thenucleus before the
decay—they are created at the instant of the decay.

To thebest of our knowledge, asolatedproton, a hydrogemucleus with or
without an electron, does not decay. However within a nucleus, thddastgprocess can
change a proton to a neutron. An isolated neutron is unstable and will decayhaitifa
of 10.5 minutes. Aleutron in anucleuswill decay if a more stable nucleus results; the
half-life of the decay depends on tisetope. If itleads to a more stablaicleus, a proton
in a nucleusnay capture an electrdrom the atom (electrosapture), and changato a
neutron and a neutrino.

Proton decay, neutron decay, and electron capigr¢hreevays in which protons
can be changed intoeutrons or vice-versa; gach decay there is a change in the atomic
number, so that the parent and daughter atoms are different elements. In all three processes,
the numberA of nucleons remainthe same, whildoth proton numberZ, and neutron
number N, increase or decreabg 1.

In beta decay the change in binding energy appedi®easass energy ankinetic
energy of thebeta particle, the energy of thaeutrino, andthe kinetic energy of the
recoiling daughtenucleus.The energy of aemitted beta particleom a particulardecay
can take on a range of values because the energy crafgel in manyaysamong the
three particles while still obeying energy and momentum conservation.

Gamma Decay

In gamma decay, depicted in Fig. 3-6, a nucleus changes from a higher @atrgy

Fig. 3-6. Agamma {) decy.
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to a lower energgtatethroughthe emission ofelectromagnetic radiatiorplfotors). The
number of protons (and neutrons)tie nucleus does nathange in thigprocess, so the
parent and daughter atoms are the samghemical element. In thegamma decay of a
nucleus, the emitted photon and recoiling nucleus each have a well-defined energy after the
decay. The characteristic energy is divided between only two particles.

The Discovery of Radioactivity

In 1896 HenriBecquerelwas usingnaturally fluorescent minerals tstudy the
properties ofx-rays, which had been discovered 895 by Wilhelm Roentgen. He
exposed potassium uranyl sulfate to sunlight and giaced it on photographic plates
wrapped inblack paper,believing that the uraniumabsorbedhe sun’s energy and then
emitted it as x-rays. This hypothesis was disproved on the@26of February, when his
experiment “failed” because was overcast inParis. Forsomereason,Becquerel decided
to develophis photographilatesanyway. To his surpriseéhe imageswvere strong and
clear, proving that the uranium emitted radiation without an extsouate of energy such
as the sun. Becquerel had discovered radioactivity.

Becquerelused an apparatusmilar to thatshown in Fig. 3-7 to shouhat the
radiation he discovered could not keays. X-raysare neutral and cannot be bent in a
magnetic field. The new radiation was bent byregnetic field so that the radiatiomust
be charged and different than x-rays. When different radioactive substances were put in the
magneticfield, they deflected in different directions or notadli showingthat there were
three classes of radioactivity: negative, positive, and electrically neutral.
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Fig. 3-7. Apparatus similar to that used by Henri Becquerel to determine the magnetic deflection of
radioactive decay products. The magnetic field is perpendicular to the direction of motion of the decay
products.

Collimator

The term radioactivityvas actuallycoined byMarie Curie, who ogether with her
husband Pierrehegan investigating thehenomenon recently discovered Bgcquerel.
The Curiesextracted uraniunfrom ore and to theisurprise, foundhat the leftover ore
showed more activity than th@ure uraniumThey concluded that there contained other
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radioactiveelements. Thised to thediscoveries othe elements polonium armddium. It
took four nore years ofprocessing tons of ore tigolate enough ofeach element to
determine their chemical properties.

Ernest Ritherford, who did many experimentsstudying the properties of
radioactivedecay,named thesalpha, beta, andammapatrticles, and classifiethem by
their ability to penetrate matter. Rutherford used an apparatus similar to that depicted in Fig.
3-7. When the aifrom the chambewas removedthe alphasource made aspot on the
photographic plate. When awas addedthe spot disappeared. Thugnly a few
centimeters of air were enough to stop the alpha radiation.

Because alpha particles carry metectric charge,are moremassive, andnove
slowly compared to beta and gamma patrticles, ihieyact much more easilyith matter.
Beta particles are mudhss massive anchove faster,but are stillelectrically charged. A
sheet of aluminum one millimeter thick or several meters of air will stop these electrons and
positrons. Because gamma rays carreleatricchargethey can penetrate large distances
throughmaterials before interacting—several centimeterlead or a meter of concrete is
needed to stop most gamma rays.

Radioactivity in Nature

Radioactivity is a natural part of our environment. Present-day Earth contains all the
stablechemical elementfrom the lowest mass (H) tahe highest (Pb andBi). Every
elementwith higher Z than Bi is radioactiv@.he earthalso contains several primordial
long-lived radioisotopes that have survived to the present in significant anfSntsith
its 1.3 billion year half-life, has the lowest masgtwse isotopes arsktadecays to both
49Ar and“*°Ca.

Many isotopes can decay by more than mmthod. For example, whettinium-
226 (Z=89) decays, 83% of the rate is throggtecay,??°Ac - ?Th + e + V , 17%
is throughelectroncapture,?®Ac + € - 22%Fr + v, and theremainder, @06%, is
througha-decay,??°Ac — 22%r + “He. Therefore fron100,000atoms of actinium, one
would nmeasure on averagg3,000 beta particlesand 6 alpha particlegplus 100,000
neutrinos or antineutrinos). These proporticare known as branching ratios. The
branching ratios are different for the different radioactive nuclei.

Three very massive element&2Th (14.1 billion year half-life)?3>U (700 million
year half-life), and®3®U (4.5 billion year half-life) decaythroughcomplex “chains” of
alpha and beta decays ending at the st2fRb,?°"Pb, and?°®Pb respectively. Thdecay
chainfor 22U is shown in Fig. 3-8The ratio of uranium to leagresent on Earth today
gives us an esbate ofits age(4.5 billion years). GivenEarth’s age, anynuch shorter
lived radioactive nuclegpresent at its birth have already decayed into stable elements. One
of the intermediat@roducts ofthe >*®U decaychain,*Rn (radon) with dalf-life of 3.8
days, is responsible for higher levels of backgroatiation in many parts dahe world.
This is primarily because it isgas andcan easilyseep out ofthe earth intounfinished
basements and then into the house.
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Someradioactiveisotopes, forexample!*C and’Be, are produced continuously
through reactions of cosmrays (high energgharged particles from outside Earth) with
molecules in theipper atmospherd?C is useful forradioactive datindsee Chaptet 3).
Also, the study ofradioactivity isvery important to understaritle structure of thearth
because radioactive decay heats the earth’s interior to very high temperatures.
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Fig. 3- 8. The uranium decay series. The vertical axis is atomic mass.

Units of Radioactivity

The number of decays per secondadivity, from a sample of radioactive nuclei is
measured irbecquerel(Bq), after Henri Becquerel.One decay persecond equals one
becquerel.

An older unit is thecurie, named after Pierre ardarie Curie. One curie is the
activity of 1 gram of radium and equals .70 becquerel. The activity depends only on
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the number of decays psecond,not on the type ofdecay,the energy of thedecay
products, or the biological effects of the radiation (see Chapter 15).

Books and Articles:

Naomi PacachoffMarie Curie and the Science of Radioactividxford University Press,
1997.

Bjorn WalhstromUnderstanding RadiatiorMedical Physics Pub. Corp., 1996.
Web Sites:

The ABCs of Radioactivity

http://user88.Ibl.gov/NSD_docs/abc/home.html. A series of experiments on the basic
properties of radioactivity. This site was developed by the creators of the Nuclear Science
Wallchart.

The Discovery of Radioactivity: The Dawn of the Nuclear Age
http://www.gene.com/ae/AE/AEC/CC/radioactivity.html. A description of the key
experiments leading to the discovery and characterization of radioactivity and the people
who did them. Developed by Genentech.

Cruising Chemistry: Nuclear Chemistry Module
http:grove.ucsd.edu/cruise_chem/nuclear/nuclear.html. One module in a set of internet
tools to augment textbook material for high school chemistry teachers developed by a group
at University of California at San Diego.

Natural Radioactivity
http://www.sph.umich.edu/~bbusby/natural.htm. Information about natural radioactivity
developed by the University of Michigan Student Chapter of the Health Physics Society.

Table of Nuclides
http://ww.dne.bnl.gov/CoN/index.html. An online table of the nuclides giving
information such as branching ratios and half-lives for any isotope.
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